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SUMMARY.—This paper studies the factors affecting passerine (Order Passeriformes) species richness
in the Western Maghreb, a region at the southwestern border of the Palearctic reputed as a primary
wintering ground for many common European birds. The effect of productivity, temperature, landscape
structure and geographical location on bird richness was explored at 220 localities across Morocco. The
models resulting from multivariate analyses supported the effects of productivity, temperature and
landscape cover on bird richness, with higher numbers of species occurring in warm farmlands of the
northwest. The most suitable areas for birds avoided the cold and arid expanses of the Atlas Mountains
and the Sahara and overlapped with the most human-impacted sectors. Within these areas, we detected
an interspersed distribution of sectors of high bird richness and low human incidence. These sectors can
be used as priority targets for conservation programmes of common birds during the winter. 
Key words: conservation planning, human footprint, passerines (Order Passeriformes), species
distribution.
RESUMEN.—Este trabajo estudia los factores determinantes de la riqueza invernal de paseriformes (Orden
Passeriformes) en el Magreb occidental, una región en el borde suroccidental del Paleártico considerada
como un importante campo de invernada para muchos pájaros europeos. Se estudió el efecto de la
productividad, temperatura, estructura del paisaje y ubicación geográfica sobre la distribución de la riqueza
de aves en 220 localidades a lo largo de Marruecos. Los modelos resultantes de una serie de análisis
multivariantes demostraron el efecto de la productividad, temperatura y estructura del paisaje sobre la riqueza
de aves, con más especies en las zonas agrícolas noroccidentales. Las zonas más adecuadas para las aves
evitaron las extensiones frías y áridas del Atlas y del Sahara y se solaparon con las zonas más intensamente
humanizadas. Dentro de estas zonas, se detectaron una serie de sectores de alta riqueza y poco impacto
humano. Estos sectores pueden ser objetivos prioritarios para el desarrollo de programas de conservación.
Palabras clave: distribución de especies, huella humana, paseriformes (Orden Passeriformes),
planificación conservacionista.
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INTRODUCTION
Understanding the factors shaping large-
scale spatial variation in species richness is an
important issue in ecology, biogeography and
conservation (Margules and Pressey, 2000;
Guisan et al., 2013). Accordingly, many
environmental, geographical and historical
factors have been proposed to explain the
patterns (Scheiner and Willig, 2005; Carnicer
et al., 2012). It is commonly agreed, however,
that the relative contribution of such factors
and any conservation measures based on
these will be different according to the extent
and environmental features of the area
involved and the habitat requirements of the
species that live there. In such circumstances,
the regions at the boundaries of biogeo-
graphic realms are key areas for exploring the
distribution of species richness since the
populations of many organisms may be
reduced under the effects of environmental
and geographical constraints (Sagarin and
Gaines, 2002; Sexton et al., 2009). 
This paper explores the factors shaping
winter bird richness in the Western Maghreb
(fig. 1), a region at the border of the
Mediterranean Basin reputed as a primary
wintering ground for many Palearctic birds
(Thévenot et al., 2003). In winter, birds are
free of some constraints related to breeding
requirements (e.g., availability of nesting
sites) and move in search of suitable areas to
cope with winter restrictions (Newton, 2004).
In the nearby Iberian Peninsula, for instance,
most local passerines (O. Passeriformes)
move to warmer lowlands where they meet
migratory individuals arriving from the North
(Tellería et al., 1999; Carrascal and Palomino,
2012). This also seems to occur in the
Maghreb (Thévenot et al., 2003) but the
features affecting the spatial distribution of
bird richness and the explicit location of the
most suitable wintering grounds there remain
largely unknown.
Over-dispersed, small passerines are often
neglected in projects focused on locating
important bird areas for endangered species
or groups (Fishpool and Evans, 2001), a
common situation in many countries where
systematic, large-scale national surveys of
common species are lacking (Ferrer-Paris et
al., 2013). However, common passerines
merit conservation monitoring because they
represent the bulk of the avifauna in most
regions and play a significant functional role
in many habitats (Whelan et al., 2008). In
addition, suitable management of wintering
areas is a key issue for conserving these
species since the quality of wintering habitats
strongly influences the survival and repro-
ductive success of populations (Norris et al.,
2004). In this context, rapid surveys of
species assemblages have gained increasing
importance in conservation planning in
poorly studied areas with increasing human
pressure, where it is important to maximise
data collection with limited funds, time and
personnel. Here, we use a rapid assessment
strategy suitable for collecting data on the large
unsurveyed area of the western Maghreb to
address the effects of three complementary
factors that are usually involved in winter bird
species richness distribution in the Medi-
terranean (e.g. Carrascal et al., 2002; Carrascal
and Palomino, 2012).
Factors affecting bird richness distribution
We model the features affecting the large-
scale distribution of bird richness in Morocco
and western Algeria (fig. 1). More explicitly,
we explore the hypothetical effect on species
richness of three main groups of traits usually
involved in large scale species richness
distribution (Field et al., 2009): 
a) Bioclimatic effects. The varied envi-
ronmental structure of the Maghreb (cold
highlands vs. mild lowlands, rainy sectors
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vs. arid expanses, etc.) is an ideal scenario
in which to explain species richness distri-
bution according to the energy availability
hypothesis (Hutchinson, 1959), which may
affect bird richness in two different ways
(Lennon et al., 2000; Hawkins et al., 2003).
Firstly, resources available for consumers,
such as birds, are derived ultimately from
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FIG. 1.−A) Location of the study area (small box) and distribution of the sampling sites. The names of
the main mountain ranges are also shown. B) Distribution of human footprint (HFP) and location of the
main towns in Morocco. C) Distribution of predicted bird richness (Ŝ) on the study area to depict the
distribution of the most suitable wintering areas for passerines. D) Predicted mean richness weighted
by the effect of human footprint (Ŝw) to show the less impacted high richness wintering areas. 
[A) Situación del área de estudio (cuadro pequeño) y distribución de los lugares de muestreo. Se indican
los nombres de las principales cordilleras. B) Distribución de la huella humana (HFP) y situación de
las principales ciudades de Marruecos. C) Distribución de la riqueza predicha (Ŝ) para ilustrar la
ubicación de las zonas más ricas en especies. D) Distribución de la riqueza ponderada por el efecto de
la huella humana (Ŝw) para ilustrar la distribución de los lugares con más especies y menos
impactados.]
plants and variation in plant productivity
may thus influence population sizes and the
ability of species to maintain populations in
a given area (Tilman, 1982). Secondly, low
temperatures will increase the energy
demands of birds forcing them to increase
food intake to prevent starvation (Calder and
King, 1974). This means that the occupation
by birds of warm areas will decrease the
need for thermogenesis, thus reducing
individual daily energy requi-rements and
enabling more birds to occur at a given level
of productive energy (Evans et al., 2006).  
b) Landscape heterogeneity. Bird richness
is strongly dependent on habitat structure
since more heterogeneous landscapes will
meet the habitat requirements of more
individual species (Pianka, 1966; Wiens,
1989) affecting large-scale winter bird
species distribution (e.g., Carrascal and
Palomino, 2012). 
c) Geographical effects. Finally, purely
geographical effects can influence winter
bird distribution in Morocco since many
migratory passerines arrive in the country
from southern Iberia (Thévenot et al.,
2003). If this flyway affects winter
distribution of migratory birds, as has been
reported in other areas (Galarza and
Tellería, 2003; Tellería et al., 2008a, 2009),
winter bird richness will be greater in the
north of the study region. However, this will
not affect the pattern if migratory indi-
viduals are a minor part of winter bird
populations. In fact, the effect of migratory
flyways has been rejected as a main driver
of winter bird richness distribution in Spain
(Carrascal and Palomino, 2012).
Local effects on bird richness
Regional distribution of bird richness
modeled by large-scale variables represents a
coarse-grained approach to assessing the
suitability of the study area, but local bird
assemblages are also affected by traits acting at
smaller scales (Seoane et al., 2004). This means
that, without the proper evaluation of these
fine-grain effects, it is difficult to accept the
soundness of regional models to predict bird
richness distribution at local scales. Thus, we
assess the ability of regional models to predict
the actual bird richness in a set of control
localities where the effects of some features
affecting local distribution of bird richness are
also considered (vegetation structure, food
availability; Carrascal et al., 2012). 
Distribution of bird richness and human
disturbance
We will use the best models resulting from
analyses to map bird richness across the
Western Maghreb in order to identify the
location of the most diverse areas. Subse-
quently, we will explore whether these areas
overlap with sectors of high levels of human
disturbance (Sanderson et al., 2002). In the
developing countries of North Africa, where
human population growth, agricultural inten-
sification and infrastructure encroachment are
affecting biodiversity (Mellado, 1989; Green et
al., 2002), it is important to explore the spatial
overlapping of these areas to inform conser-
vation measures (Médail and Quézel, 1999;
Draper et al., 2007; de Pous et al., 2011).
Species richness and human activity often
overlap at large scales, apparently because both
respond positively to increasing levels of
primary productivity (Chown et al., 2003).
However, at smaller scales, intense human
activity is often related to low species richness
producing an interspersed distribution of rich
vs. poor sectors (Pautasso, 2007). Here, we test
whether humans and birds overlap in the most
productive areas of the Maghreb and whether,
within these areas, some sectors with high bird
richness and low human impact emerge. We
attempt to detect the these key locations in
order to design conservation programmes for
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protecting the winter grounds of passerines at
the southwestern boundary of the Palearctic.
METHODS
Study area and field work 
Three teams, each of two people, carried out
field work in Morocco during January 2013 at
220 localities encompassing the full range of
environments of the country (fig. 1). We
sampled bare lands, grasslands and farmlands,
Mediterranean scrublands (Pistacia lenticus,
Olea europaea, etc.), argan Argania spinosa and
acacia Acacia tortilis open woodlands, and oak
(Quercus ilex, Quercus suber, etc.) and conifer
(Pinus halepensis, Tetraclinis arti-culata,
Juniperus phoenicea, Cedrus atlantica, etc.)
forests and woodlands (table 1). In this way,
we assessed bird assemblages at 220 localities
ranging from 7m to 2057 m a.s.l. (mean
altitude ± SE, 725.6 m ± 38.6) according to the
following protocol: we counted all passerines
seen or heard (excluding crows) to either side
of 500 m long transects irrespective of the
perpendicular distance at which each individual
was detected. We recorded the total number of
species (species richness, S; an index of α-
diversity) and individuals (community size, J)
in each locality, a common method of assessing
bird assemblages in extensive studies (Bibby et
al., 2000). Because of the similar patterns of S
and J (r = 0.89, P < 0.001, n = 220; see Carnicer 
et al., 2012), our analyses were focused on S
distribution (see below for further details). We
followed the taxonomic classification of birds
provided by the checklist of Morocco (Bergier
and Thévenot, 2010). 
Cartographic variables
The location of each itinerary was
recorded with GPS devices to assess altitude
(m) and to assign one latitudinal (LAT) and
longitudinal (LON; without sign) position
(decimal degrees). These positions were used
to relate each sampling point with some
surrogates of thermal stress, productivity or
land cover. We selected mean temperatures of
the colder quarter (MTCQ; BIO11) from
Worldclim 1.4 (Hijmans et al., 2005) to
measure the thermal stress of birds. This was
strongly correlated with other surrogates of
large-scale thermal landscapes, such as mean
annual temperatures (BIO1), mean temperature
of the coldest month (BIO6) or altitude that
were excluded from the analyses. We used the
normalised difference vegetative index (NDVI)
in January (highly correlated to annual NDVI
scores, which were excluded from the analyses)
to provide a measure of net primary production
(Pettorelli et al., 2011). This index was
positively correlated with annual (BIO12) and
winter (BIO19) precipitations that were
discarded from the analyses. We used the 0.25
× 0.25 km grid of GlobCover (ESA and
UCLouvain, 2010) to assess the cover of
woodlands (WOOD; values 20, 30, 110 and
120 in GlobCover) and mosaic landscapes, and
interspersed mixture grasslands, farmlands and
woodlots (MOS; values 40-100 and 130)
within 2.5 × 2.5 km squares. Finally, we
assessed human impact across the study area
by using human footprint (HFP) scores in each
itinerary, an index of population density, land
transformation, accessibility and electrical
power infrastructure (Sanderson et al., 2002). 
Local effects
We measured some traits that could distort
the ability of regional models to predict bird
richness at local scales. Vegetation structure
was measured in each itinerary in two circles
of 25m radius 200m apart. In each circle, we
visually estimated grass cover (GRASS; an
index of primary productivity at the ground
level), small shrub cover (the percentage of
shrub cover below 0.5 m in height; e.g.
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TABLE 1
Inter-habitat distribution of sample size (n) and patterns of winter bird richness (S) and community size (J)
in the study area. The most abundant bird species in each habitat are arranged by abundance.
[Distribución entre hábitats del tamaño de la muestra (n), de la riqueza (S) y tamaño comunitario (J) en  el
área de estudio. Se ilustran por orden de importancia las especies más abundantes en cada hábitat.]
Habitat n S ± SE J ± SE Main species(min-max) (min-max)
Conifer woodlands 26 6.62 ± 0.79 25.04 ± 5.037
(1-17) (2-111)
Broad-leaved woodlands 41 5.63 ± 0.47 15.54 ± 1.95
(1-12) (1-49)
Mediterranean shrublands 14 7.93 ± 0.89 23.29 ± 4.63
(2-13) (2-69)
Argan-acacia woodlands 18 5.17 ± 0.88 11.44 ± 2.25
(0-14) (0-30)
Pasture-bare lands 31 2.32 ± 0.33 6.10 ± 1.44
(0-7) (0-35)
Farmlands 71 6.75 ± 0.47 33.92 ± 4.19
(0-22) (0-246)
Olive groves 19 11.16 ± 0.54 50.68 ± 6.56
(7-15) (14-140)
Total 220 6.23 ± 0.27 24.45 ± 1.87
(0-22) (0-246)
Fringilla coelebs, Erithacus rubecula, 
Turdus merula, Turdus philomelos, Sylvia
atricapilla, Carduelis chloris, Sylvia
melanocephala, Serinus serinus, Phylloscopus
collybita, Parus major.
Fringilla coelebs, Phylloscopus collybita,
Erithacus rubecula, Cyanistes teneriffae,
Sylvia melanocephala, Carduelis chloris,
Turdus philomelos, Turdus merula, 
Serinus serinus, Parus major.
Carduelis chloris, Fringilla coelebs, Sylvia
atricapilla, Sylvia melanocephala, Serinus
serinus, Phylloscopus collybita, Erithacus
rubecula, Saxicola torquatus, Turdus
merula, Galerida cristata.
Galerida cristata, Serinus serinus, Sylvia
melanocephala, Phylloscopus collybita,
Passer hispanoliensis, Fringilla coelebs,
Miliaria calandra, Lanius meridionalis,
Carduelis carduelis, Galerida theklae.
Galerida cristata, Carduelis carduelis,
Anthus pratensis, Galerida theklae, Miliaria
calandra, Motacilla alba, Saxicola
torquatus, Sturnus unicolor, Carduelis
cannabina, Ammomanes cincturus.
Carduelis carduelis, Galerida cristata,
Passer domesticus, Miliaria calandra,
Fringilla coelebs, Carduelis cannabina,
Anthus pratensis, Melanocorypha calandra,
Motacilla alba, Cisticola juncidis.
Fringilla coelebs, Sylvia atricapilla,
Serinus serinus, Carduelis carduelis, Passer
domesticus, Turdus philomelos, Turdus
merula,, Sylvia melanocephala, Erithacus
rubecula, Pycnonotus barbatus.
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Thymus, Lavandula, etc.), shrub cover (the
percentage of vegetation between 0.5-2 m in
height) and tree cover (the percentage of
vegetation above 2 m in height). We averaged
the scores of the two sampling circles to
characterise each line transect. We conducted
a principal components analysis (PCA) to
reduce these covers to just one score. The
PCA retained a single principal component
(PC1, eigenvalue: 2.22), which explained
73.84% of variance and was interpreted as a
gradient of increasing vegetation cover
(factor loadings for cover of < 0.5 height
shrubs 0.79; 0.5-2 m height shrub cover 0.94;
> 2 m vegetation cover 0.81). Factor scores
of each locality within the PC1 were used as
an index of shrub and tree development
(VEG). We also counted the number of shrub
and tree species (STRICH) in each circle as a
surrogate of the floristic diversity. Finally,
since fruit is a main winter food for many
passerines in the Mediterranean (Herrera,
1984), we counted the number of fruiting
shrubs (FRUIT) potentially consumed by
wintering birds (Olea, Pistacia, Crataegus,
Rosa) within two 5 m belts along both sides
of the transect lines. Previous studies have
shown that the number of fruit-bearing shrubs
is strongly correlated to the actual variation
of fruit abundance (Tellería et al., 2005).
Analyses and model validation
A validation set of randomly selected
localities (44 itineraries; 25 % of the sample
size) was reserved to validate the models
resulting from cartographic variables. Thus,
we built the models of bird richness distri-
bution with a training set of 176 itineraries.
Relationships between the bird richness (S)
observed in the 176 testing itineraries and the
explanatory cartographic variables were
explored with generalised linear regression
models (canonical distribution: normal; link
function: identity). In addition to bioclimatic
(MPCQ, NDVI) and landscape (MOS,WOOD) 
variables used in these analyses, we introduced
LAT, LON and LAT x LON to explore the
effect of geographical location and spatial
autocorrelation on bird richness (Legendre and
Legendre, 1998). Alternative models were
compared with Akaike’s second-order AIC
corrected for small sample sizes (AICc) and
only those n with ΔAICc ≤ 2  were considered
(Burnham and Anderson, 2002). 
We used simple linear regression analyses
to test whether Ŝi predicted the observed
richness (S) on the validation set. In this way,
only the n models whose Ŝi scores significantly
explained actual richness were used to map
the weighted mean bird richness distribution 
(Ŝ = (Ʃ Ŝi Wi)/Ʃ Wi,  where Wi is the Akaike
weight of the model i). In addition, we explored
the contribution of Ŝi to explain S distribution
by means of partial least squares regression
(PLS) in which the effects of local habitat
structure (GRASS, FRUIT, STRICH and VEG)
were included. This method is useful to solve
the problem of lack of independence among the
predictors since they are grouped in orthogonal
gradients of covariation. The relative contri-
bution of each variable to the factors explaining
S variation was calculated by means of the
square of predictor weights (Carrascal et al.,
2009).
Distribution of richness and human
disturbance
Weighted mean scores (Ŝ) resulting from
applying the models in 2.5 x 2.5 km squares
were used to map the geographical distribution
of richness and to depict the most suitable
wintering areas in the Western Maghreb. We
compared these patterns with the spatial
distribution of HFP and created an index to
highlight the geographical distribution of
sectors where the balance between bird richness
and human influence was highest. In so doing,
we weighted the predicted mean richness (Ŝ)
with the HFP score distribution (Ŝw = Ŝ·HFP),
where we rearranged HFP from 0 (the highest
HPF score in the study area) to 1 (the lowest
HPF score). All analyses were carried out using
Statistica 7.0 (StatSoft Inc, Tulsa, Oklahoma)
on log-transformed or arcsin–transformed
(covers) data. Cartographic data were handled
with Quantum Gis (QGis) and GRASS GIS
(GRASS Development Team, 2012).
RESULTS
General patterns
We detected an average of 6.3 species and
24.5 individuals per itinerary (table 1) and
recorded 54 passerine species in total at the
220 localities. Most birds were Palaearctic
species (table 1), with a minor presence of
endemic and Saharan passerines mainly
restricted to inland highlands and deserts 
(e.g. Ammomanes cincturus, Ammomanes
deserti, Phoenicurus moussieri, Oenanthe
deserti, Sylvia deserticola, etc.). The number
of detected species (S) differed among
habitats (one way ANOVA, F6,213 = 16.47, 
P < 0.001; table 1), with higher and lower
scores in olive groves and pasture/bare lands
respectively (they differed significantly from
the rest of the habitats in Tukey post hoc
tests). Similar trends were observed in the
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TABLE 2
Alternative models for the species richness of passerines wintering in 176 localities across Morocco in
order of the value of the AICc criterion (Akaike Information Criterion corrected for small sample sizes).
Parameter estimates (and β) of explanatory variables in each model are shown*.   
[Modelos alternativos que describen la riqueza de especies invernantes en 176 localidades de Marruecos
de acuerdo con los valores del AICc (Criterio de Información de Akaike corregido para pequeñas
muestras). Se representan las estimas de cada parámetro (y β) en cada modelo*.]
model 1 2 3 4 5
Wi 0.252 0.247 0.208 0.172 0.121
AICc -13.55 -13.51 -13.17 -12.78 -12.08
R2 0.382 0.382 0.381 0.372 0.385
intercept -1.91 -1.34 -1.39 -1.37 -1.10
LAT 0.02 (0.14) – – – –
LON – -0.01 (-0.11) -0.11 (-0.62)
LAT x LON – – -0.11 (-0.00) – 0.00 (0.51)
MTCQ 0.32 (0.19) 0.40 (0.24) 0.41 (0.25) 0.32 (0.19) 0.34 (0.20)
NDVI 0.48 (0.33) 0.56 (0.39) 0.58 (0.41) 0.58 (0.40) 0.47 (0.33)
MOS 0.12 (0.19) 0.13 (0.20) 0.13 (0.21) 0.15 (0.23) 0.12 (0.19)
WOOD – – – – –
* Ŝi: species richness predicted by model i. β: standardized regression coefficients obtained in generalized regression models
(beta figures indicate the magnitude and sign of the partial relationships of the standardized figures of predictor variables with
the species richness). Wi: model weight. R2: variability explained by each model. LAT: latitude, LON: longitude, MTCQ: meat
temperature in the colder quarter, NDVI: normalized difference vegetative index, MOS: variegated landscapes composed by
grasslands, farmlands and small woodlands, WOOD: forest and woodlands.
community size (J; F6,213 = 18.51, P < 0.001)
with higher and lower scores in olive groves-
farmlands and pasture-bare lands, respec-
tively (table 1). 
Models and validation
The best models explained around 38% of
the variability of species richness (table 2). In
all cases bird richness was positively related to
MTCQ, NDVI and MOS suggesting strong
effects of temperature and productivity on bird
richness. LAT, LONG and LAT × LON played
a minor role and WOOD was no included in
the models by the Akaike information criterion
(table 2). 
The richness predicted by the five models
(Ŝi) significantly explained the observed
richness (S) in the validation set (table 3) so that
the average prediction of all models was used
to map winter bird richness in the study area
(fig. 1C). PLS analyses identified one signi-
ficant factor of covariation among the five
predictor variables of the five models, which
explained around 37% of S variation (table 2).
Predicted richness (Ŝi) was the main predictor
of S variation (11%), followed by GRASS
(9.3%) and FRUIT (8.3%).  This means that,
despite the strong effect of local traits,
cartographic models were able to predict a
significant part of the spatial variation of bird
richness. 
Distribution of richness and human footprint
Sectors with high mean scores of predicted
bird richness (Ŝ) were located in the north-
western corner of the area (fig. 1C). They
covered coastal lowlands and hills in the
Tangier Peninsula, Rif Mountains and the
western slopes of the Atlas Mountains.
Alternatively, bird richness was lower in the
highlands and expanses of the Atlas Mountains
(including the Anti-Atlas Mountains) and the
Sahara (fig. 1). Predicted mean richness (Ŝ)
increased with increasing scores of HFP, but
stayed constant or slightly decreased in the most
humanised sectors (fig. 2). This demonstrates
that the geographical distri-bution of bird
richness overlapped with areas intensively
influenced by humans but that, over a given
threshold of human activity, there was a weak
relationship between these parameters (fig. 2).
The patterns resulting from weighting the
predicted richness with HFP (Ŝw) depicted the
presence of the best sectors in the northwestern
half of the area, around the Rif Mountains and
in some western lowlands (fig. 1D). 
DISCUSSION
Factors affecting bird richness distribution
Large scale gradients of species richness
are usually generated by gradients in some
environmental variables (e.g. temperature,
productivity, landscape heterogeneity) that in
turn cause geographical gradients in the
carrying capacities and number of individuals
that localities support (Scheiner and Willig,
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FIG. 2.−Relationships between predicted species
richness (Ŝ) and human footprint at the 220
sampling sites recorded in fig. 1 A. 
[Relación entre la riqueza de especies predicha
por los modelos (Ŝ) y la huella humana en las 220
localidades representadas en la figura 1 A.]
2005; Carnicer et al., 2012). Higher carrying
capacities will increase the size of populations,
increasing the presence of many species,
particularly of the rarest community members.
In this way, the strong association between S
and J may be explained by the fact that suitable
areas usually sustain the higher population
abundances and, consequently, show an
increased number of bird species (Mönkkönen
et al., 2006; Evans et al., 2006). Consequently,
bird richness may be taken as a comprehensive
surrogate of the conservation importance of a
given area since the more diverse bird
assemblages will also have the most abundant
populations.
Our results support the effect of some
environmental traits on the winter distribution
of bird richness, with high numbers of species
in warm (MTCQ), productive (NDVI) and
heterogeneous landscapes (MOS; table 1).
They agree with the factors affecting winter
bird richness in the Iberian Peninsula, where
the species richness also increases in warm
lowlands and heterogeneous landscapes
(Carrascal and Palomino, 2012). They also
agree with previous results on the features
affecting species richness at large scales in
which climate and productivity have depicted
more predictive ability than environmental
heterogeneity or geography (Field et al., 2008). 
In warm Mediterranean habitats, the arrival
of autumn rains produces the onset of a period
of strong primary productivity after the
constraints of the summer drought (Nahal,
1981). This explains the positive association of
NDVI, a surrogate of primary productivity
(Pettorelli et al., 2011) correlated to rainfall (see
Methods), with bird richness (Meehan et al.,
2004). The effect of temperature (MTCQ) may
be explained, however, by the fact that low
temperatures in winter are usually associated
with an increased risk of starvation due to the
depletion of body reserves, such that warmer
areas will reduce energy demands improving
the chance of survival (Calder and King, 1974;
Cresswell et al., 2009). Temperatures in our
study area, mostly dominated by cold
mountains and highlands (fig. 1), were below
the lower critical temperatures for birds
(usually below 20ºC for many winter-
acclimated species of temperate areas; Calder
and King, 1974), with average mean and
minimum temperatures at our sampling points
in January of 9.1ºC (range 0.4 to 14.6) and
3.2ºC (−6.7 to 9.7), respectively (Hijmans et al.,
2005). This thermal landscape could explain
the preference of birds for mild sectors, a
pattern already detected in other temperate
regions (Root, 1988; Evans et al., 2006;
Carrascal et al., 2012). 
Landscape structure was the other main
correlate of bird richness. Heterogeneous
landscapes composed of a mixture of
grasslands, hedgerows, olive orchards and
woodlands usually increase the richness and
abundance of bird assemblages since they
permit the co-occurrence of a broad set of bird
species with different habitat preferences
(Carrascal and Palomino, 2012). This is the
case in the study region, where sectors covered
by farmlands and olive groves related to MOS
were occupied by higher numbers of bird
species (tables 1 and 2). Finally, bird richness
was not strongly related to geographical effects
(table 2). This can be associated with a reduced
effect of migratory flyways in a region where
foreign individuals are probably scarcer than
local conspecifics, and where the winter
distribution of most species will probably be
related to seasonal shifts of the local bird
populations (e.g. altitudinal movements;
Thévenot et al., 2003). 
Local effects on bird richness
Our approach revealed strong effects of
GRASS and FRUIT on richness (table 2), two
features related to food availability. In warm
Mediterranean habitats, the arrival of autumn
rains favours the rapid growth of the grass layer
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and the ripening of many fruit-bearing shrub
species (Herrera, 1984; Fernández-Alés et al.,
1993). Grass cover (including other flowering
plants) offers seeds and invertebrates to birds
(Wilson et al., 1999), and fruiting shrubs
provide fruits useful to fulfilling the nutritive
requirements of many species (Herrera, 1984).
In this context, it is interesting to highlight the
main role of food availability in species
richness at local scales (clear evidence of the
main role of productivity on bird distribution)
and the poor effect of physiognomic and
floristic complexity of the habitat regardless of
its accepted effect on bird richness (Wiens,
1989). Despite the usual strong effect of fine-
grained environmental features on bird
distribution (Seoane et al., 2004), the results in
this paper show that richness scores produced
by large-scale models (table 2) were able to
explain a part the observed richness at local
scales (table 3). This suggests that a com-
bination of large-scale traits (related to climate
and landscape covers) and local features related
to food availability explained a significant part
of the species richness distribution in the
Maghreb (37% of variation; table 3). 
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TABLE 3
Simple regression models and PLS analyses of variation in bird species richness (S) in 44 localities
across Morocco. Simple regressions represent the relationships between the observed richness (S) and
the richness predicted (Ŝi) by models in table 1. In PLS analyses only one multivariate factor was
obtained per model. We show the percentages of original S variation explained by each model (R2 x100)
and the relative contribution of each variable. We show in parentheses the magnitude and sign of the
predictor weights of variables in the factor. 
[Modelos de regresión simple y PLS análisis de la distribución de la riqueza de aves en 44 localidades
de Marruecos. Las regresiones simples representan las relaciones entre la riqueza observada (S) y la
predicha (Ŝi) por los modelos de la tabla 1. En los PLS se obtuvo un único factor por modelo del que
se da la variación de S explicada (R2 x100) y la contribución de las diferentes variables. Se representa
en paréntesis la magnitud y signo del peso de cada variable en el factor.]
model 1 2 3 4 5 Mean
intercept 0.35 0.17 0.24 0.27 0.20
Ŝi 0.76 0.68 0.76 0.72 0.69
R2 x 100 21.1 16.1 24.4 19.2 17.4 19.6
P 0.002 0.007 0.001 0.003 0.005
GRASS 9.1 (0.50) 9.9 (0.52) 8.8 (0.48) 9.4 (0.50) 9.2 (0.51) 9.3
FRUIT 8.5 (0.48) 9.2 ( 0.50) 8.2 (0.47) 8.7 (0.49) 8.6 (0.49) 8.6
TRICH 2.3 (0.25) 2.5 (0.26) 2.2 (0.24) 2.3 (0.25) 2.3 (0.25) 2.3
VEG 5.4 (-0.38) 5.9 (-0.40) 5.3 (-0.37) 5.6 (-0.39) 5.5 (-0.39) 5.6
Ŝi 11.8 (0.56) 9.7 (0.51) 13.1 (0.59) 11.0 (0.54) 10.9 (0.53) 11.3
R2 x 100 37.0 37.1 37.6 37.0 36.5 37.1
* GRASS: cover of the grass layer, FRUIT: abundance of fruiting shrubs, TRICH: number of tree and shrub species, 
VEG: tree and shrub vegetation cover.
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Distribution of richness and human
disturbance
The sectors with the highest predicted bird
richness (Ŝ) of wintering passerines occur in
warm Mediterranean lowlands and the hills of
northwestern Morocco, an area surrounded by
the cold and arid expanses of the Atlas
Mountains and the Sahara (fig. 1). The area
represents a small portion of the region
(fig. 1) and, as occurs in many regions on the
planet (Luck, 2007), overlaps with the most
human-impacted sectors (fig. 2). However,
human incidence is not always related to
processes of biodiversity depletion, since some
forms of habitat management guarantee the
presence of rare organisms or diverse species
assemblages (Sanderson et al., 2002). This is
the case in the Mediterranean region, where
traditional management has greatly contributed
to the maintenance of the landscape and species
diversity typical of biodiversity hotspots
(Blondel and Aronson, 1999). This applies to
the role of agricultural areas interspersed with
woodland and scrubland remains, which
operate as main receptors of wintering birds in
the Mediterranean (Laiolo, 2005; Tellería et al.,
2008a; Rey, 2011; Santos et al., 2013).
Consequently, any conservation programme
aimed at maintaining birds there should be
focused on preventing the pervasive effects of
some ongoing land-use changes on these key
areas (Schilling et al., 2012). 
Human activities are more intense in the
most accessible and productive inland valleys
and coastal sectors of the Maghreb, which are
today stressed by increasing urban en-
croachment and agricultural intensification that
take advantage of favourable climates in mild
lowlands (in particular for tourism and winter
production of vegetables; Swearingen and
Bencherifa, 1996). Thus, the challenge to
protecting the most diverse winter bird
assemblages in this area is to prevent the
biological homogenisation resulting from sharp
increases in human incidence. Agriculture
intensification and urban encroachment are
common challenges to bird conservation that
are addressed in other areas of the Western
Palearctic, such that similar monitoring and
management strategies could be launched in the
Maghreb (Gregory et al., 2005; Butler et al.,
2010). 
In this context, the identification of suitable
sectors to protect wintering birds may be a
promising strategy for the implementation of
preventive conservation measures (Pautasso,
2007). This paper has detected a set of sectors
of high bird richness and low human incidence
(fig. 1D). They are located in the hills south of
Rabat, the western slopes of the Middle Atlas
and, particularly, in the Rif Mountains. Beyond
these sectors bird richness tends to decrease at
the periphery of the Mediterranean region
where the widespread species of the Palearctic
fauna are replaced by endemic Saharan
species’. These key areas, which cover a small
portion of the region, do not include sites of
conservation concern for some particular
passerines (e.g., juniper woodlands of the Atlas
Mountains for some thrush species, marshlands
for some warblers, etc.; Thévenot et al., 2003).
However, they must be considered important to
protecting the carrying capacity for the bulk of
the winter avifauna in the Maghreb, the main
target of this study. Depletion of these areas
(e.g., the Rif Mountains are under stress; Moore
et al., 1998,; Ajbilou et al., 2006), along with
some large scale features affecting the
environment (Schilling et al., 2012) and
migratory behaviour of birds (Visser et al.,
2009), could affect the role of the Maghreb as
a wintering area for local and migratory
populations of common birds (Onrubia and
Tellería, 2012). 
Concluding remarks
There is an increasing focus on bridging
theory and practice to improve both scientific
knowledge and the conservation outcomes of
species distribution modeling (Guisan et al.,
2013). In a context of rapid biodiversity loss
brought about by global change, this drives
the design of some approaches that can
quickly translate scientific results into
conservation measures. Here, we have applied
a simple and cost-effective protocol based on
rapid standardised field sampling, the use of
free global-scale cartographic data and the
implementation of standard statistical and GIS
analyses. Using these tools, we have tested the
main hypotheses on the factors affecting
winter bird richness in order to explain why
some areas are suitable for conservation. We
agree that our approach provides a snapshot
view, resulting as it does from a single survey
completed during January 2013, and that a
larger survey over more winters is desirable to
explore the potential effect of some processes
(numerical changes in populations, inter-
winter changes in food availability, impact of
cold spells, etc.) that are able to produce
between-winter variation in bird abundance
and distribution (Newton, 2004; Tellería et al.,
2008b). However, despite this limitation, the
survey has proven to be a rapid way of
achieving our main goals –detecting the key
areas for conservation and understanding why
these areas are important– in a region where
large-scale monitoring of wintering passerines
is lacking. We also see the potential difficulty
in extrapolating this approach to other
taxonomic groups that are difficult to detect
and/or identify, or where the factors affecting
the species are still poorly understood,
impeding the selection of suitable explanatory
variables (Hortal and Lobo, 2006). However,
in the case of birds, where science and
conservation are integrated in a cooperative
framework of professionals and amateur
ornithologists (Greenwood, 2007), these
scientifically oriented rapid surveys could be
of paramount importance in detecting the
distribution of key areas for conserving birds
in understudied regions (Dickinson et al.,
2010). 
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